Background: Recently, anatomic anterior cruciate ligament (ACL) reconstruction is emphasized to improve joint laxity and to potentially avert initiation of cartilage degeneration. There is a paucity of information on the efficacy of ACL reconstructions by currently practiced tunnel creation techniques in restoring normal joint laxity.
The anterior cruciate ligament (ACL) reconstruction has been widely accepted to be the standard of care for ACL-ruptured patients to minimize the risk of further meniscal and chondral injuries, restore preinjury level of activity, and potentially prevent posttraumatic osteoarthritis. Anterior cruciate ligament reconstruction is performed by creating different numbers of bone tunnels in the tibia and femur to facilitate graft fixation within the tunnel. While several authors have proposed creating more than one tunnel in the tibia and femur, 5, 18, 21 creation of a single tibial and femoral tunnel remains the most widely practiced technique for ACL reconstruction. 16 There are 3 arthroscopic approaches in creating the femoral tunnel: through the tibial tunnel (tibial tunnel-dependent or more commonly known as transtibial [TT] technique) or independent of the tibial tunnel (via an anteromedial [AM] portal or via a 2-incision technique also known as outside-in [OI] technique).
Since the introduction of the TT approach to create the femoral tunnel, it has been well adopted, with over 70% of the surgeons using this technique as of 2009 16 because of the ease of the procedure, reduction in surgical time, and reduced postoperative morbidity. With recent emphasis on anatomic tunnel placement, the TT approach has been critically scrutinized, as it is believed by some authors to produce nonanatomic tibial and femoral tunnels. 13 Therefore, a transition to creating a femoral tunnel independent of the tibial tunnel by either the AM portal or a 2-incision technique is recommended by several authors. 1, 3, 20 While, technically, each of these 3 approaches have their perils and advantages when compared with one another, there is a paucity of evidence to elicit the relative biomechanical and clinical benefits of these approaches.
Recently, few studies have compared the biomechanical efficacies of ACL reconstructions performed by traditional TT and AM portal techniques in restoring normal knee kinematics. 3, 20 It is reported that the kinematics of the normal knee were better reproduced when the ACL was reconstructed by the AM portal technique than the traditional TT technique. The guidelines for the TT techniques used in these studies resulted in nonanatomic tunnel placement. A modified TT technique, which can achieve a lower femoral tunnel on the lateral intercondylar notch compared with traditional TT technique, could potentially restore the normal knee biomechanics. Therefore, the objective of this study was to compare the knee joint laxities between the 3 femoral tunnel drilling approaches, namely the modified TT technique, AM portal technique, and OI technique. We hypothesized that there will be no significant differences in the knee joint laxities after ACL reconstruction by these 3 techniques.
MATERIALS AND METHODS
To investigate the hypothesis, a repeated-measures study design was implemented in which 5 different knee conditions were tested in each of the 8 knee specimens used. The fresh-frozen human cadaveric knee specimens (mean age, 56.4 years; range, 46-77 years) were obtained from a tissue bank (MedCure Inc, Portland, Oregon) and were stored at our institution at -20°C. Each cadaveric knee was thawed for 24 hours before the testing and was examined for degenerative changes and ACL injury by using fluoroscopy and manual stability tests. Through a medial parapatellar miniarthrotomy, each specimen was examined for cartilage injury more than grade II of Outerbridge classification and meniscal tears. We did not observe any of the above-mentioned abnormalities in all the specimens used for this study. The musculature surrounding the diaphyses of the femur and tibia was stripped with all the soft tissues around the knee intact (skin, knee ligaments, joint capsule, and musculature). The tibial and femoral shafts were then potted in bone cement to facilitate the attachment of the specimen to the robotic testing system.
Details on the operation of the robotic testing system are presented in the literature. 6, 14 After the installation of the knee specimen on the robotic testing system, a passive flexion path of the knee was determined between 0°a nd 120°of flexion. During this process, forces and moments at the knee center were minimized (\5.0 N and \0.5 NÁm, respectively) at each flexion angle by manipulating the tibia in 5 degrees of freedom. Resultant tibial position at each flexion angle with respect to the fixed femur was recorded for later testing. After the determination of the passive path, each specimen was tested under 5 different conditions by subjecting them to an anterior tibial load of 134 N and combined valgus and internal torques of 10 NÁm and 5 NÁm, respectively. The kinematic responses for the knee joint and the forces in the ACL and ACL grafts were measured under these loading conditions. The sequence of 5 knee conditions was ACL-intact knee, ACLdeficient knee, and ACL-reconstructed knee by 3 femoral tunnel drilling techniques. The sequence of ACL reconstructions was alternated between the 3 techniques among the 8 specimens.
After the intact knee testing, ACL deficiency was achieved by resecting the ACL through a small medial parapatellar arthrotomy. The ACL-deficient knee was then tested after the arthrotomy and skin were repaired in layers by sutures. Anterior cruciate ligament reconstruction began by harvesting the semitendinosus and gracilis tendons, which were prepared by suturing 30 mm on each end of the 2 grafts. These grafts were then pretensioned on a graft preparation board (DePuy Mitek, Raynham, Massachusetts) with 20 lb of force while the tibial and femoral tunnels were prepared (20-25 minutes). Before the graft was passed through the tunnels, each strand of the graft was doubled over a 20-mm EndoButton CL (Smith & Nephew, Memphis, Tennessee) loop to form a quadruple hamstring graft-implant construct. The size of the prepared quadruple hamstring tendon graft for each of the 8 specimens was 8 mm. All surgeries were performed by a parapatellar arthrotomy incision, and the incision was repaired by sutures after the surgery. Surgical techniques for the 3 ACL reconstructions that followed the ACL-deficient condition are described below.
TT Technique
To facilitate free motion of the tibia for the ease of surgery, the tibial end of the fixation was detached from the robotic arm at full extension position, while the femoral end of the fixation was retained to the pedestal. After the tibial and femoral tunnels were created, the tibial fixation to the robotic arm was accurately restored to its original position. z An ACL tibial guide (DePuy Mitek) set to 50°was used for aiming and placing a K-wire. Intra-articularly, the tip of the tibial tunnel guide was positioned at the center of the posterolateral quadrant of the ACL footprint ( Figure 1 ). The extra-articular starting position for the guide pin ranged from a point lateral to the anterior margin of the medial collateral ligament (MCL) to the midpoint of the anterior margin of the MCL and medial border of the tibial tubercle. After a K-wire was inserted with the above-mentioned extra-articular and intra-articular reference points, a cannulated drill bit (diameter of the drill bit was equal to the diameter of the prepared quadrupled hamstring graft) was used to drill the tibial tunnel with the K-wire as the directional guide. For preparation of the femoral tunnel, a 7.5-mm offset guide (DePuy Mitek) was inserted through the tibial tunnel and hooked at the ''over-the-top'' position at 90°of flexion. The offset guide was then laterally rotated 19 until the K-wire, inserted through the cannula of the offset guide, was located as close to the center of the femoral ACL footprint as possible. After confirmation of this anatomic position, the K-wire was drilled into the lateral femoral condyle until it exited out of the lateral thigh. With the inserted K-wire as the reference, a femoral tunnel was created to the lateral cortex of the distal femur using a 4.5-mm EndoButton drill (Smith & Nephew Endoscopy, Andover, Massachusetts) followed by a 30-mm-long socket created by a cannulated drill bit that matched the prepared quadruple hamstring graft diameter. The graftimplant construct was then passed through the tibia into the joint and through the femoral socket and was secured by flipping the EndoButton on the outer femoral cortex. The distal end of the graft was then fixed in the tibial tunnel by INTRAFIX screw (DePuy Mitek) with a diameter that matched the tunnel diameter at full extension and 40 N of axial graft tension.
AM Portal Technique
After the biomechanical testing of ACL reconstruction by the TT technique, the graft was removed from the joint by releasing the fixation. The tibial and femoral tunnels created previously were then filled with bone cement to permit reuse of the same specimens for reconstructing the ACL by the AM portal technique. The tibial tunnel was prepared first by drilling a K-wire through the center of the ACL footprint using a tibial guide (DePuy Mitek) set to 50°. With the inserted K-wire as the reference, a cannulated drill bit with a diameter that matched the graft diameter was then used to create the tibial tunnel. After drilling the tibial tunnel, a K-wire was inserted at the anatomic center of the ACL femoral footprint through the AM portal with the knee flexed to 120°. A femoral tunnel was then reamed to the lateral cortex of the distal femur using a 4.5-mm EndoButton drill over the inserted K-wire. Further, a 30-mm-long femoral socket, with a diameter matched to graft diameter, was then created by an acornhead reamer (DePuy Mitek) to prevent cartilage damage. The previously used graft-implant construct was passed through the tibial tunnel and femoral socket and fixed by flipping the EndoButton on the outer femoral cortex. Again, the tibial end of the graft was fixed by INTRAFIX screw with a diameter that matched the tunnel diameter at full extension while 40 N of axial graft tension was constantly applied.
Two-Incision Technique
After the graft was removed from the joint, both the tibial and femoral tunnels were filled with bone cement. The tibial tunnel for the 2-incision technique was created at the same location as the tibial tunnel in the AM portal technique. For the creation of the femoral tunnel, we made a longitudinal incision over the lateral thigh and split the iliotibial band, and the lateral aspect of the distal femoral metaphysis was accessed by retracting the vastus lateralis muscle. With the tibia flexed to 70°, a tibial guide (DePuy Mitek) set to 70°was inserted through the central portal, and intra-articularly, the tip of the guide was positioned at the anatomic center of the ACL footprint. Extra-articularly, the guide sleeve was placed proximal and anterior to the lateral epicondyle to avoid injury to lateral soft tissue structures and to maximize tunnel length. With these reference points, a K-wire was drilled through the lateral femoral condyle until it protruded at the center of the ACL footprint. Then, a femoral tunnel was established by advancing a reamer through the lateral femoral cortex along the previously inserted K-wire until it was proud at the ACL footprint. A 14-mm spiked washer (DePuy Mitek) was impacted onto the lateral femoral cortex at the entrance of the tunnel to facilitate the use of EndoButton ( Figure 2 ). The graft-implant construct was then passed through the tibial tunnel into the femoral tunnel and fixed here by flipping the EndoButton on the spiked washer ( Figure 2 ). Similar to the other techniques, the tibial end of the graft was fixed by INTRAFIX screw with a diameter that matched the tunnel diameter at full extension and with 40 N of constant axial graft tension.
Data and Statistics
The data obtained from each knee specimen under the 5 different conditions (ACL intact, ACL deficient, ACL reconstruction by TT technique, ACL reconstruction by AM portal technique, and ACL reconstruction by OI technique) included kinematics of the knee joint, ACL, and ACL graft forces. The data represent the responses of the knee joint to 134 N of anterior tibial load at 0°, 30°, 60°, and 90°of flexion and combined valgus and internal torques of 10 NÁm and 5 NÁm, respectively, at 0°and 30°of flexion. Because each specimen was tested under all 5 different conditions, this within-subjects analysis data were statistically analyzed by repeated-measures analysis of variance (ANOVA). When significant differences were detected, post hoc comparisons were made among the 5 groups using the Newman-Keuls test. Statistical significance was assumed when P value was less than .05.
RESULTS

Knee Kinematics, ACL, and ACL Graft Forces Under Anterior Tibial Load of 134 N
In the ACL-intact knee, anterior tibial translations ranged from 3.9 6 0.9 mm at 0°to 7.1 6 2.7 mm at 30°of flexion (Figure 3 ). After the resection of the ACL, anterior tibial translations significantly increased by a factor of 2.84, 2.91, 2.77, and 2.75 compared with the intact knee at 0°, 30°, 60°, and 90°of flexion, respectively (P \ .05). These increased anterior tibial translations were significantly decreased by all 3 ACL reconstructions (P \ .05) ( Figure  3 ). However, none of these ACL reconstructions were able to restore the normal anterior tibial translations at all selected flexion angles (P \ .05). The maximum differences in anterior tibial translations between the intact knees and ACL-reconstructed knees by AM portal technique, OI technique, and TT technique were 2.7 6 1.7 mm at 90°, 2.4 6 1.6 mm at 60°, and 3.1 6 2.1 mm at 60°of flexion, respectively. No significant differences in anterior tibial translations were observed between the 3 ACL reconstructions (P . .05). No significant differences were observed between intact knee ACL force and ACL graft forces in knees reconstructed by any of the 3 reconstructions ( Figure 4 ).
Knee Kinematics, ACL, and ACL Graft Forces Under Combined Valgus (10 NÁm) and Internal (5 NÁm) Torques
Under combined tibial torques, anterior tibial translations of the ACL-intact knee were 0.3 6 0.7 mm at 0°of flexion and 3.0 6 2.2 mm at 30°of flexion ( Figure 5 ). Similar to the anterior tibial load, combined torques produced a significant increase in anterior tibial translations in ACL deficient knees by a factor of 11.7 and 3.2 compared with the intact knees at 0°and 30°of flexion, respectively (P \ .05). All 3 ACL reconstructions significantly reduced these increased anterior tibial translations observed in ACLdeficient knees (P \ .05) ( Figure 5 ). Differences in anterior tibial translations between the intact knees and ACLreconstructed knees by AM portal technique and OI technique were 0.7 6 1.1 mm and 0.6 6 1.2 mm at 0°of flexion (P . .05) and 1.7 6 0.5 mm and 1.9 6 1.0 mm at 30°of flexion (P \ .05), respectively. Anterior cruciate ligament reconstructions by both AM portal and OI techniques closely restored the normal anterior tibial translations at 0°but failed to do so at 30°of flexion. In contrast, statistically significant differences in anterior tibial translations between the intact knees and ACL-reconstructed knees by the TT technique were observed both at 0°(1.5 6 1.1 mm) and 30°(3.0 6 1.6 mm) of flexion (P \ .05). When comparing the 3 reconstructions, no significant difference in anterior tibial translation was found between them at 0°of flexion, and significant difference between the TT technique reconstruction compared with AM and OI technique reconstructions was found at 30°of flexion ( Figure 5 ). On average, forces experienced by ACL graft in ACL-reconstructed knees by AM and OI techniques were 14.5% and 17.8% lower than the forces experienced by the ACL at 0°of flexion (P . .05) ( Figure 6 ), and these values further decreased to 34.7% and 33.6% at 30°of flexion, respectively (P \ .05) ( Figure 6 ). The forces experienced by ACL graft in TT technique reconstruction were significantly lower by 41.1% and 35.4% at 0°and 30°flexion, respectively ( Figure 6 ). 
DISCUSSION
Restoring normal knee joint laxities is the primary goal of an ACL reconstruction. This study evaluated the efficacies of 3 different tunnel creation techniques for ACL reconstruction in restoring normal knee laxities and ACL forces under 2 different loading conditions. The results of this study support the hypothesis that ACL reconstruction by modified TT, AM portal, and OI techniques results in similar knee joint laxities. Further, none of these techniques were able to restore the normal knee joint laxities under the external loads applied. Similarly, ACL grafts in all techniques carried lower forces than the native ACL.
Persistent joint instability and development of degenerative changes after ACL reconstruction have underscored the importance of anatomic ACL reconstruction. 5, 15, 17 The notion of anatomic tunnel placement to improve patient outcomes has raised a contention on the ability of the TT technique, originally proposed during the era when isometric ACL reconstruction was emphasized, to achieve anatomic tibial and femoral tunnels. While some authors proposed modifications to the traditionally practiced TT technique, 4, 9, 12, 19 others are endorsing the use of tibial tunnel-independent techniques [1] [2] [3] 20 such as the AM portal and OI techniques to create tibial and femoral tunnels anatomically. However, there is a paucity of information on the comparative efficacies of tibial tunnelindependent (AM portal and OI) and tibial tunneldependent (modified TT) techniques in restoring normal knee biomechanics. Recently, some biomechanical studies have compared the knee joint laxities after reconstructions by AM portal and TT techniques. 3, 20 By using an imageguided navigation system, Steiner et al 20 demonstrated that the AM portal technique closely restored the normal anterior tibial translations at 30°of knee flexion while the TT technique could not do so. Similarly, Bedi et al 3 found that the AM portal technique more closely restored the normal joint laxity than the TT technique. In the current study, all 3 reconstruction techniques could not restore the normal knee joint laxity.
Several different factors could potentially explain the differences observed between these studies. Steiner et al 20 used a traditional TT technique where 70% of the tibial tunnels were placed in the posterior third of the tibial footprint and femoral tunnels in the proximal third of the femoral footprint. In the TT technique used by Bedi et al, 3 a 10-mm tibial tunnel was placed at the center of the tibial footprint, and then by free hand, a guidewire was positioned eccentrically posterior and lateral in the tibial tunnel for preparation of the femoral tunnel. It is reported that this guidewire was anterior and superior to the center of the femoral footprint. This may have resulted from the constraints imposed by the tibial tunnel placed at the center of the tibial footprint by Bedi et al. 3 In the TT technique used for this study, the tip of the tibial tunnel guide is positioned at the center of the posterolateral quadrant of the ACL footprint to create the tibial tunnel. Then, an offset guide was inserted into the tibial tunnel and hooked at the ''over-the-top'' position at 90°of flexion. This offset guide was then rotated laterally to reach the center of the femoral footprint as closely as possible. Therefore, the femoral tunnels in the TT technique of both previous studies were nonanatomic compared with the current study. Further, in the AM portal technique, Steiner et al 20 placed 90% of their tibial tunnels in the anterior third of the tibial footprint, and only 50% of their femoral tunnels were placed at the center of the femoral footprint. Therefore, the grafts were more vertical in the TT and horizontal in the AM portal techniques. This may explain the difference observed in the anterior tibial translations. Further, the graft source, fixation implant, initial graft tension, and graft fixation angle were different for each of these studies. Steiner et al 20 used a 10-mm bone-patellar tendon-bone autograft that was fixed by a 7-mm metal interference screw in the femoral tunnel and a 9-mm interference screw in the tibial tunnel with 22.5 N of initial tension at 10°of knee flexion. A 6-mm synthetic ligament device was used as the graft by Bedi et al 3 in a 6-mm femoral tunnel and 10-mm tibial tunnel. The femoral end of the graft was fixed by EndoButton (Smith & Nephew), while the tibial fixation was achieved by a screw and post with 44-N initial graft tension, and the graft fixation angle was not reported by Bedi et al. 3 In this study, quadruple hamstring tendon autograft was used as the graft material. EndoButton CL (Smith & Nephew Endoscopy) and INTRAFIX screw (DePuy Mitek) were used to fix the graft in the femoral and tibial tunnels, respectively, at full extension with 40 N of axial graft tension.
Because of improved cosmesis, less surgical morbidity, shorter operation time, and potentially faster return to sports, the single-incision technique has gained popularity over the OI technique. 7, 10, 11 In contrast, several advantages of the OI technique have been reported including accurate femoral tunnel placement, eliminated risk of posterior wall violation, eliminated graft-tunnel mismatch, and screw divergence. 8 With over 80% of the surgeons performing fewer than 10 ACL reconstructions per year in the United States, 16 in conjunction with the knowledge of these 3 techniques in restoring joint laxities, it is highly critical to thoroughly evaluate the technical perils and pearls inherent to each approach prior to clinically adopting them. The TT technique is commonly used because of its simplicity, ease of the technique, and a relatively small learning curve compared with the AM portal and OI techniques. However, it has been criticized for the difficulty in achieving anatomic femoral tunnel because of its dependence on the tibial tunnel. In this study, anatomic femoral tunnel was achieved through a tibial tunnel with an extraarticular starting position ranging from a point lateral to the anterior margin of the MCL to the midpoint of the anterior margin of the MCL and medial border of the tibial tubercle, with the tibial guide set to 50°. It is imperative that the offset guide is rotated laterally after it is hooked onto the over-the-top position to achieve an oblique anatomic placement of the guidewire.
The results of this study are to be interpreted with the following limitation in mind. Bone cement was used to fill the tunnels created to test the 3 different techniques in the same specimen. This step was necessary for a repeated-measures study design. To minimize bias, the order of 3 ACL reconstruction techniques was changed for each specimen. Because a retrograde reamer was not used for the OI technique, a spiked washer had to be used to consistently use EndoButton CL (Smith & Nephew) for all the 3 procedures. A 40-N initial graft tension was used in this study for each reconstruction technique. A larger initial graft tension may have more closely restored the normal joint laxity. However, a clear consensus on optimal initial graft tension that can restore the normal joint laxity, while avoiding other complications, is yet to be realized.
In conclusion, this study demonstrated that both tibial tunnel-independent and -dependent femoral tunnel placement techniques can equally restore the joint laxity and ACL force under external loading. However, none of these 3 techniques could completely restore the normal knee joint laxity and ACL forces, suggesting that in conjunction
